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Climatological significance of 6'°O in precipitation and ice

cores: a case study at the head of the Uriimqi river,
Tien Shan, China

Hou Suucur, @ix DaHE,' Pat A. MavewskL® YANG QiNzHAO,” REN JIAWEN,'
L1 ZnonGQiN,' X140 CuNDE'
' Laboratory of Ice Core and Cold Regions Environment, Lanzhou Institute of Glacwology
Chinese Academy of Sciences, Lanzhou, Gansu 730000, China
2Climate ( ‘hange Research Center, Institute for the Study of Earth, Oceans and Space ( EOS ),
Uneversity of New Hampshire, Durham, New Hampshire 03824, LS.

ABSTRACT. Stable-oxygen-isotope ratios (ém

collected from the llCddelt‘l s of the Urtiimq river, Tien Shan, China, were used to test the

relationship between o'
temporal relationship is found between o

monthly averages which remove synoptic-scale influences such as changes in condensation
level, C()ndcns(m(mtcmpcmtulednd moisture sources (\d() and others, 1996). Lincar fits as
high as 0.95%o °C: ' for precipitation events and 1.23%0 °C: ' for monthly averages are found.
Although the 6

(~2km from the precipitation sampling site) decreased dr dmdll(dll\ compared to the pre-
cipitation samples, the ice-core records of annually averaged '

lated with contemporaneous air temperature, especially summer air temperature, at the
1](‘<lll)\ Da\lqou meteorological station. Nevertheless, the relationship between the ice-
core §O records and contemporaneous air temperature is less significant than that for
the precipitation samples due to depositional and bost- -depositional modilication processes,

which are highlighted by the successive snow-pit '

0

1. INTRODUCTION

The climatological significance of 6"

from the tropics and subtropics has received much less atten-
tion than that of $™O in precipitation from the polar
regions. However, pioneering work by Rozanski and others
(1992), using the past three decades of §'

cipitation and surface air temperature available through the
World Meteorologi-
cal Organizaton global network, indicated that the slope

International Atomic Encrgy Agency

values of 6"O-T, varied from 071 for high-latitude areas
to virtually zero in the tropics where a strong relationship
between &'
(Dansgaard, 1964; Grootes and others, 1989). Alternately, a
“precipitation-amount effect” for §®O and 6D was also
observed both on Himalayan slopes and 1n the southern/
central region of the Qinghai-Tibetan Plateau (Wushiki,
1977a; Wake and Stiévenard, 1995). However, recent work
suggests that the 6"
lected on the northern Qinghai—Tibetan Platcau during
the period 1991-94 are positively correlated to T, (Yao and
others, 1996), with slopes of lincar fit ranging from 0.29%o to
0.67%o " C:

On mountainous glaciers, there is evidence of scasonal
snowmelt resulting directly from the large scasonal tem-
perature range and the intense summer radiation, and a sig-

.\1(8). . Our results might ‘extend the application of high-altitude and subtropical ice-core

nificant part ol the annual accumulation ol snow is removed
by melting and sublimation (c.g. Dunde ice cap in the
Qilian Shan, China; Thompson and others, 1988). Thus the
seasonal 6"

duced during recrystallization, in the presence ol percolat-
ing meltwater (Arnason, 1969). Simultaneously, isotopic
fractionation occurs, leaving the solid phase enriched rela-
tive to the liquid phase (Arnason, 1969; Baason, 1972).
Grabezak and others (1983), using the 6O and 6D profiles
from two crevasses on temperate glaciers high in the Andes
and in the Himalaya, suggested, however, that the short-
and long-term 1sotopic variations can still be observed in
the deeper parts of such glaciers.

Despite the strong temporal relationship hetween 6"
precipitation and T, on the northern Qinghai—Tibetan Pla-
teau, 30 vear records of annually averaged ¢
different ice-coring sites in this region are not correlated sig-
nificantly with the contemporaneous air-temperature records
from their corresponding closest meteorological stations (150-

200 km away) (Yao and others, 1996). Scasonal distribution of

the precipitation, post-depositional modification ol the ori-
ginal 1sotopic signals in precipitation, and clevation differ-
ences between the ice-coring sites and their corresponding
closest meteorological stations are known to aflect the 6"

T, relationship. Several ice cores recently drilled from the
Qinghai-Tibetan Platcau for palcoclimatic reconstruction
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(Thompson and others, 1989, 1997) necessitate a better under-
standing of the §"*O~T, relationships in precipitation, as well
as in glacier ice in this region.

From the beginning of June 1995 to the end of June 1996,
precipitation sampling was conducted at the Daxigou me-
teorological station (DMS; Fig. 1) at the head of the Uriimqi
river, Tien Shan, northwest China, at 3545 ma.s.l. From 11
May to 16 June 1996, a serics of snow pits (T 1n Fig. 1) were
also sampled at the nearby Uriimqi glacier No. 1 (1.84km? in
area) at 040 ma.s.l. During May 1996, two ice cores 2 m
apart were also recovered at the snow-pit sampling site
(TS-1and TS-2 in Fig. 1). These data provide a special oppor-
tunity to test the (SIBO*Ta relationships in precipitation in the
mid-latitude mountainous region, to identify the eflect of the
post-depositional processes on the ice-core 6O records, and
to compare the ice-core 6O records to the contempora-
neous annual surface temperature recorded at the nearby
DMS which has been in continuous operation since 1959.

No.1 Glacier

No.2 Glacier

No.3 Glacier

Fig. 1. Sampling sites: DMS, Tand TS stand for the Daxigou
meteorological station (also the precipitation sampling site),
the snow-pit sampling site and the ice-core drilling site,
respectively. Inset map shows the location of the Tien Shan in
relation to geographic and political features of northwest China.

2. METHODOLOGY

The studysite (43.05° N, 86.49° E) is surrounded by large de-
serts on the north, south and cast sides. The nearest sca is
located > 3000 km away, so the region is dominated by clas-
sic inland climate conditions. The weather conditions in the
study arca are influenced by the obstacle eflect of the
Qinghai-Tibetan Plateau. Since the jet stream maintains
its west—east oricntation along the Tien Shan around the
northern part of the Qinghai—Tibetan Plateau (Reiter,
1981), it carries the moisture originating in the Atlantic
Ocean and/or the Mediterrancan Sea to the study site (Li
and Xu, 1984). The annual average surface air temperature
and precipitation at the DNMS are —5.3°C and 4+40.6 mm w.e.,
respectively, for the period 1959-96 (unpublished data).
Precipitation (snowfall and rainfall) samples were col-
lected for cach precipitation event during the observation
period. To eliminate contamination and sample carryover,
identical sampling procedures were used throughout the
study (Yao and others, 1996). Plastic containers used for col-
lection were dried (if necessary) and cleaned with a brush
between samples. After collection, each sample was placed
in a clean plastic bag, melted at about 20°C and poured into
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pre-cleaned high-density polyethylene bottles, and the tops
were sealed in wax to avoid evaporation or diffusion. Bottled
samples were transported to the Laboratory of Ice Core and
Cold Regions Environment, Chinese Academy of Sciences,
and kept in a cold room at ~20°C until 6"*O analysis was
performed using a Finnigan MAT-252 Spectrometer (preci-
sion 0.05%o). Relevant meteorological conditions such as air
temperature at the beginning and end of each precipitation
event, cloud type, wind speed, wind direction and humidity
were recorded for each precipitation sample.

The first snow pit was dug on 11 May 1996, when little ab-
lation of the winter snow had occurred. It was partially re-
filled after sampling, and sampling on successive days
involved digging it out and refacing the sampling surface by
at least 30 cm. The same strata were resampled on cach occa-
sion after allowing for accumulation or ablation. Snow
samples were transferred into pre-cleaned polypropylene bags
with plastic scoops for further processing as discussed above.

The ice-core samples were processed in the ficld by
scraping with a clean stainless knifc to obtain a contamina-
tion-free center sample. Table tops and tools were modified
or covered with plastics. The TS-1 and TS-2 ice cores were
cut into disks at 3 and 5 cm intervals, respectively. Samples
werc then transferred into polyethylene bags for further
processing as discussed above.

3. RESULTS AND DISCUSSION
3.1. The positive §'®0-T, relationship in precipitation

The 6O values of the precipitation samples show a broad
variation; the minimum value of =38.24%o was obtained on
24 January 1996, and the maximum value of 0.97%o on 3
August 1995. The arithmetic average value of 6O for the
samples collected during July and August 1995 is ~7.13%e.
From 9 July to 17 August 1981, precipitation samples col-
lected at the same sampling sitc had 6O values ranging
from —16.0%o to —1.0%o, with an arithmetic mean average of
~7.15%0 (Watanabe and others, 1983). No significant differ-
encc is found between thesc arithmetic averages.

Following Yao and others (1996), we plot the 60 and
contemporaneous air temperature for individual precipita-
tion events during the period of observation in Figure 2a;
the linear relationship between 60 and T, for all indivi-
dual precipitation events in Figure 2b, and the lincar rela-
tionship between 60O and T, for individual summer
precipitation events (NMay-October) in Figure 2c. These
plots validate the normal assumption that 6O is more
ncgative when 7, is cooler and less negative (even positive)
when T, is warmer. The slope of the (5]8077’a relationship
for all precipitation events is 0.93%0 °C ', which is higher
than that reported in other mid-latitude to tropical regions
(Rozanski and others, 1992; Yao and others, 1996) and in
polar regions (Dansgaard and others, 1964; Jouzel and Mer-
livat, 1984; Mosley-Thompson and others, 1990; Peel, 1992).
Since in the Tien Shan, ~90% of the precipitation occurs
during summer, we exclude 'O values of winter precipita-
tion samples and plot the restin Figure 2¢. The strong rela-
tionship between 80 and T, is still apparent, albeit with a
lower slope (0.92%0 °C:"). These results support the sugges-
tion by Rozanski and others (1992) that the isotopic compo-
sition of precipitation seems to be more sensitive to
temperature fluctuations in mountainous regions than in
low-altitude areas.
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Although the lincar correlation 01‘5'8()77‘a for the indi-
vidual precipitation events (Fig. 2) is positive, variations in
60 do exist that are not attributable to changes in T,
Other factors, such as the dillerent vapor sources (not signif-
icant in our study site), different transport patterns of vapor
in the atmosphere, average “rain-out history”of the air mass,
and diflering temperature structures which control the con-
densation temperature (Gedzelman and Lawrence, 1982
Covey and Haagenson, 1984), can allect the 8"%O-T, rela-
tionships to different degrees (Gedzelman and Lawrence,
1982; Covey and Haagenson, 1984; Fisher and Alt, 1985;
Rozanski and others, 1992). Morcover, in the interior of con-
tinents, c.g. at our precipitation sampling site, the re-evapo-
rated moisture plays an important role in the atmospheric
water balance (Ingraham and Taylor, 1986). Another poten-
tially important influence on the §"*O-T}, relationship is the
amount cffect (Dansgaard, 1964; Wushiki, 1977a; Wake and
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Sticvenard, 1995), which is more common in tropical regions
and less important in mid-latitudes (Grootes and others,
1989; Rozanskiand others, 1992).

As suggested by Jouzel and others (1987), a stronger
6'8O-T, relationship can be expected when individual pre-
cipitation events are aggregated into monthly averages,
which minimizes the influence of synoptic-scale diflerences.
Figure 3 shows the arithmetic monthly-averaged %O
plotted against the monthly-averaged air temperature. The
slopes of linear fit are 1.23%0 °C ' for all months (Fig. 3a)
and 1.19%0 “C"' for summer months (Fig. 3b). The cocffi-
cients (R) for the §'®0 — T, relationship of monthly averages
are much higher than the R values for the individual preci-
pitation cvents. Undoubtedly, the substantial reduction in
the number of data points (degrees of freedom) results in
higher errors for the slopes. As suggested by Rozanski and
others (1992), the long-term 60 T, rclationship for a given

-6
y =-12.75 - 1.19x R=0.96
-10 |
=
-14
-18

Monthly mean air temperature (OC)

Fig. 3. The linear relationship between monthly-averaged 8" 0 and monthly-averaged air temperature Ty: (a) annual; (b) summer.
Both are significant at p = 0.001. No precipitation samples were collected during November—December 1995 and February—March

1996.
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location is believed to be the most appropriate for palco-

climatic reconstruction, because it covers a wide range of

different “climate”
3.2. The ice core $'®*0O-T, relationship

Theice cores were dated using a varicty of diftferent scasonal
indicators (e.g. stable isotopes, major anions and cations)
from comparison between the TS-l and TS-2 ice-core
records, and comparison with the mass-balance data of the
Uriimqi glacier No.l (Chinese Academy of Sciences, 1982—
93). The final dating results are 22 years for the T'S-lice core
and 24 years for theTS-2 ice core (see Fig. 4).

By tritium analysis of the ice samples from a crevasse wall
at the head of Khumbu Glacier, Mount Everest, Miller and
others (1963) concluded that two strata are deposited in a
single accumulation year. One segment represents accumu-
lation during the summer monsoon, and the other accumu-
lation during the months of prevailing winter storms.
Wushiki (1977b) also suggested such a conclusion based on
the deuterium-content profile of ice clifls on Kongma Glacier,
Khumbu. This stratigraphic characteristic is also apparent in
our 6O profiles of the TS-1 ice core (Fig. 4), which is sup-
posed to be formed at the beginning and end of each ablation
season, when the firnification process is controlled by the
thaw—freeze cycles.

Figure 4 shows the §'*O profiles of the TS-1 and TS-2 icc
cores, together with the annual and summer air tempera-
ture recorded at the nearby DMS. The §'*O values of the
ice-core samples range from —12.57%o to —7.74 %o, with an ar-
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Fig. 4. 6”0 profiles for the TS-1 and TS-2ice cores, compared
with corresponding annual and summer surface air tempera-
ture as measured at the DMS. T he four coarse solid lines show
the smoothing trend using Gaussian weighting coefficients,
approximately equal lo 5 year moving average, and the gray
dashed lines indicate annual ice layers.
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ithmetic average of —10.1%s. Compared to the precipitation
samples, the 6O amplitude in ice cores decreases signifi-
cantly. However, the distinct annual to seasonal variability
of "0 values can still be preserved in a fixed annual ice
layer. Factors that may contribute to the preservation of the
depositional variability are the presence of numerous ice
layers in the snowpack, acting as physical obstacles against
meltwater percolation, and thick superimposed ice layers
that may prevent further smoothing of the §"O seasonal
signal in underlying ice layers.

Although the TS-l and TS-2 ice cores were cut at different
intervals, similar 80 profile features, especially for the
smoothing lines, are apparent. The ice-core 680 smoothing
lines alsofollow the air-temperature records, particularly for
the summer (May—October). As ~90% of the precipitation
falls in the summer-halfof the year, and 6O is only recorded
during precipitation, it is reasonable to expect that the 80
from anannual icc-core layer records the summer average air
temperature of the corresponding year. For further §'°O-T,
comparison, we calculate the mean annual 6O value for
cach year by averaging all sample 80 values between two
adjacent annual §%0O peaks, and plot the annually averaged
80 against the contemporaneous annual, summer and
winter surface temperature (Fig. 5). Apparently, both the
TS-1 and TS-2 ice-core 6O records might provide a proxy
of the summer air temperature, because the linear slopes
against the summer temperature are not only higher than
that against the annual or winter temperature, but also very
similar (0.38 for the TS-lice core, and 0.40 for the TS-2 ice
core). We notice that the significance of the regression cocffi-
cients is far from satisfactory. However, they at least show
some progress compared to the results of Yao and others
(1996) where the R? for annually averaged 6O from the ice
coresvssurface air temperatures at the closest meteorological
station is only in the range 0.000-0.011. Thompson and others
(1993) demonstrated that the 5 year running mean of the
annual 60 averages from the Dunde ice cap (onc of Yao
and others’ three ice cores) was strongly correlated
(R* =025, signilicance 99.9%) with the 5year running
mean of the Northern Hemisphere annual temperatures from
1895 to 1985. However, such work is not expected here due to
the limitation of our short ice-core records. We propose to
drill another relatively long ice core from Uriimqi glacier
No. 1, and wish to press this question further.

3.3. Depositional and post-depositional modifica-
tion of ice-core 6'®0 records

The relationship between the ice-core 8O records and
contemporaneous air temperature is less significant than
that for the precipitation samples due to depositional and
post-depositional processes.

As suggested by Yao and others (1996), the air-tempera-
ture data reflect an equal weighting of monthly temperatures,
while the ice-core 6O record is skewed toward wet-season
precipitation. It is unrealistic to expect the 6O from an
annual layer in ice cores to record the annual average air
temperature of the corresponding year. This fact may ac-
count for the different lincar-fit slopes and correlation signif-
icance between contemporaneous annual, summer and
winter surface temperature records and the annually aver-
aged ice-core 6O records.

The isotopic signal in snowpack may be further modi-
fied by post-depositional processes. In polar snow and firn,
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the isotopic homogenization connects to recrystallization of
the grains via the vapor phase, e.g. storms and barometric-
pressure changes causc vertical air movements, particularly
in the upper firn, where mass exchange between the strata is
further accentuated by high gradients
(Dansgaard and others, 1973). Such processes can, however,

temperature

also happen in mountainous glacier snow and firn, espe-
cially during the winter-half of the ycar. Diffusion in the
vapor phase also causes considerable interstratificial mass
exchange (Dansgaard and others, 1973). In low-accumu-
lation arcas, the seasonal 6”0 oscillations are simply miss-
ing duc to redistribution by snowdrifting or lack of winter
(summecr) snow, which introduces small-scale and local de-
positional noise (Fisher and others, 1983). As shown in Fig-
urcs 6 and 7, the T1 snow pit was sampled at the ice-core
drilling sitc on 11 May 1996 when no snowmelt was observed
in the snow-pit stratigraphic profile, and the minimum 60O
valuc in the snow pit is =23.29%o, which is much higher than
the 6O values observed in the winter precipitation samples
(e.g. —35.85%0 on 10 January 1996, and —3824%o on 24 Janu-
ary 1996). Therefore, the effect of wind-scouring has also
been observed on an ice cap, Ellesmere Island, Canada,
where the annual mean 60 at an ice divide was 2.5%o less
negative than 1.2 km downslope (Fisher and others, 1983).
The effect of snowmelt-percolation processes on the ice-
core 80 records may be studied using a set of successive
snow-pit stratigraphic and 6O profiles (Figs 6 and 7).

Because the surface of the snow pits changed with time, we
adjust the bottoms of all the snow pits to the same 95 cm
depth. The Tl snow pit was sampled at intervals of exactly
10 cm. Each 6®0 valuc presents the average of its corres-
ponding depth range, which covers different stratigraphic
snow and firn layers. The minimum 6O value of ~23.29%o
1s present in the middle of the Tl snow pit, which was accu-
mulated during the winter scason. T'he relatively high 6O
values in the upper and bottom layers correspond to the ac-
cumulation deposited during the spring and previous
autumn scasons. It is apparent that the %O profile of the
Tl snow pit resembles the temperature history during the
accumulation period.

The T2 snow pit was dug 3 days later and sampled at its
stratigraphic lavers. The measured snowpack temperatures
were below —2.57C. Disregarding the upper 15 em new snow
layer, the 6O values of the T2 snow pit swing around those
of the 'T'T snow pit. During the period of the 12 and T3
sampling dates, no precipitation event occurred. Though
the measured temperatures in the upper layers of the T'3
snow pit exceed 0°C at noon, the snowpack below 70 cm re-
mained negative, and several percolation ice layers (or ice
lenses) had formed. However, the 6O profile of the T3
snow pit preserved the original isotopic characteristics.

Thick superimposed ice layers formed at the bottoms of
the T+ and T3 snow pits, and the §®O amplitudes decreased
dramatically compared with that of the former snow pits,
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especially in the superimposed ice layers where the 80
values range only from —14.84%o to —12.57%0. These values
are close to the smallest 'O (~12.57%o) as observed in the
ice cores. Because of the rapid formation of the superim-
posed ice layer, snowmelt cannot penetrate into the under-
lying annual ice layers. Thus the modification of the
snowpack 6O variations occurs only within a certain
annual layer.

Koerner (1997) concluded that early summer melt will
cause melting of the very negative (cold) —6 winter/spring
snow which lies near the surface. The meltwater then perco-
lates down to refreeze within, or at the base of, the current
annual snowpack. Further melt may cause runoff of less
negative (warmer) —0 snow deposited during the early
winter/fall period. A very negative (cold) —¢ snowpack
remains (Fig. 7). However, the remaining very negative
(cold) —é snowpack does not necessarily correspond to the
winter precipitation with minimum 6 values, but rather to a
mixture of snow deposited during the winter half of the year.
In addition, similar melting and percolation processes can
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Fig. 7. The successive 6O profiles of snow pits T1 to T5 that
were collected during the early-summer melt period.
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be expected to happen year by year. Isotopic enrichment by
partial melting of the snow cover can be roughly estimated
by assuming a Rayleigh-type removal of meltwater from the
system (Moser and Stichler, 1980). Nevertheless, such isotopic
enrichment should influence the ice-core §°0-T), records, in
such a way that the final isotopic composition of the glacier
ice is shifted in the same direction (Grabczak and others,
1983), or even enhance the climatic significance of icc-core
60 records, because more enrichment in heavy isotopic
content accompanies higher ablation, that is, generally due
to higher air temperatures. This guarantees the climatic sig-
nificance of ice-core 6O records from areas of very heavy
meclt, especially on a long time-scale.

4. CONCLUSIONS

Our data provide the first observations of the relationship
between the contemporaneous temperature and 6O in pre-
cipitation and ice-core samples from the Tien Shan. Although
post-depositional processes certainly decrease the signifi-
cance of the relationship between 6O of the precipitation
samples and contemporancous temperature, a positive
50T, relationship is still observed in ice cores collected
from the nearby Uriimgi glacier No. 1. The presence of
numerous ice layers in the snowpack and rapid formation of
the superimposed ice layer guarantee preservation of the
seasonal 6®O variation in ice cores despite the dramatic
decrcase in amplitude. Other factors, such as the seasonal dis-
tribution of the annual precipitation, isotope diffusion in the
snow and firn layers, snowpack redistribution caused by
snowdrifting, and the hecavy-isotope-content enrichment
caused by the partial melting of the snowandfirnlayers, have
a potential but perhaps less important influence on the ice-
core 80 record. Nevertheless, the climatic significance of
mountainous ice-core 6O records can be preserved in tem-
perate glacier ice, which might demonstrate that the ice-core
climate records can be obtained from less than ideal environ-
ments, thus expanding the number of sites in the world where
such climatic records could be collected.
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